As a part of the "Membrane Aeroshell for Atmospheric-entry Capsule" (MAAC) project pursued by the University of Tokyo, JAXA and several other universities, a demonstration is planned to deploy an atmospheric-entry nano-satellite from International Space Station (ISS). The effect of aeroshell deployment timing on the orbital decay was evaluated and it was clarified that the orbital decay is significantly accelerated after aeroshell deployment due to the change in its ballistic coefficient. In order to keep the forward surface of the aeroshell in the direction of motion at the moment of aeroshell deployment, it is necessary to obtain the attitude of satellite with reference to the orbital direction. The applicability of the Faraday cup as an ion detector is discussed through experimental results at Inductively Coupled Plasma (ICP) wind tunnel and it was revealed to be promising for the estimation of the satellite direction.
Introduction
As space technologies are utilized in various industrial fields, there is a growing demand for realizing a secure space transport method to safely send and retrieve payload materials from the International Space Station (ISS).
In Japan, a transportation vehicle called HTV started to serve as a cargo capsule from the ground to the ISS. However, there is no vehicle that retrieves payloads from the ISS to the ground in Japan, and thereby it is highly expected to develop safe and futuristic atmospheric-entry system.
One such newly developed transport method is a atmospheric-entry capsule with an aeroshell membrane. As a part of the development project for futuristic atmospheric-entry capsule (MAAC project) 1) , an atmospheric entry capsule with deployable membrane system is under development. This capsule is composed of a main body and an aeroshell membrane. The main body has a payload and control unit inside to manage the atmospheric entry process. The aeroshell membrane works as hypersonic parachute, realizing huge deceleration at high altitude because the ballistic coefficient of the capsule becomes smaller due to the deployment of the aeroshell, which helps the capsule avoid intense heating at lower altitudes. Hence, the aeroshell capsule is free from heavy thermal protection systems and realizes low-cost as well as safe atmospheric entry. This capsule has already experienced a demonstration experiment using S310 sounding rocket 2) at Uchinoura Space Center in 2012, which successfully proved that the capsule can safely carry payloads down from an orbit at an altitude of 150 km.
In the next step of demonstration test, an atmospheric entry test 3) is being planned from the ISS at an altitude of 400 km. The new capsule under development is called re-Entry satellite with Gossamer aeroshell and Gps/iridium (EGG). The EGG capsule is mainly aimed at demonstrating data transmission system using the "iridium", the satellite phone communication network. By using an already-existing commercial data communication system, the EGG capsule does not require any ground facility such as communication base to send any command to the capsule. The schematic view of the EGG capsule is illustrated in Fig. 1 . The capsule is 300 mm long with 100 mm x 100 mm rectangular cross section. In this demonstration test, the EGG capsule is carried up to the ISS. After it is installed in the release system at the Japanese Experiment Module (JEM), the EGG capsule will be released from the ISS at 400-km low earth orbit. After the release, the EGG capsule will be switched on through the iridium data transmission system and the aeroshell membrane will be deployed to accelerate its orbital decay and also to reduce its atmospheric-entry speed by changing its ballistic coefficient smaller.
One of the biggest concerns is the effect of aeroshell deployment timing on its orbital decay process. Before the aeroshell deployment, the averaged projection area is about 0.02 m 2 whereas it increases up to 1 m 2 after the deployment. Since the mass of the EGG capsule does not change before and after the deployment, the ballistic coefficient decreases by 98%. As a result, the trajectory and the time required to the atmospheric-entry would be affected because of this significant change in the ballistic coefficient after the deployment.
Another concern is the attitude of the EGG capsule when the membrane aeroshell is deployed. If the forward surface of the aeroshell directed toward the direction of motion, the capsule will be kept facing the front side of the orbit owing to its pitching-moment stability. However, if the front side of aeroshell is facing some directions other than the direction of motion when the aeroshell is deployed, relatively strong pitching or yawing moment will act on the aeroshell, which will be regarded as large uncertainty of attitude for the initial condition of orbital decay. To reduce the attitude disturbances caused by the aeroshell deployment, it is necessary to identify the attitude of EGG capsule, desirably by employing multiple attitude identification methods, other than conventional star trackers or accelerometers, to secure redundancy.
In this work, we first investigate the orbital decay and its change caused by the aeroshell deployment. After that, we also investigate the applicability of ion sensors as flight attitude estimation method. At high altitudes, some portion of the air is dissociated and there is some amount of ions. If the satellite is moving at high altitude, ions will collide with the forward surface of the satellite at almost the same speed of the satellite's motion. If more than 2 ion detectors are equipped with the satellite, we can roughly estimate the direction of motion. In this study, well-known ion sensor, Faraday cup 4) , is planned to be utilized as an ion detector. Since most of the onboard Faraday cups for satellites are designed to measure solar wind, its size is relatively large and would not fit into our small satellite, and it is necessary to develop a miniature-size Faraday cup for small satellites.
The purpose of this work is (1) to analyze and to quantify the effect of aeroshell deployment on the orbital decay of the EGG capsule, and (2) to develop a small-size Faraday cup as an ion detector and also to investigate the possibility of using it as an attitude sensor during the orbital decay of EGG capsule.
Effect of Aeroshell Deployment on Orbital Decay
In order to evaluate the effect of aeroshell deployment timings on orbital decay, the trajectory of the EGG was analyzed to clarify the time period required to start the atmospheric-entry.
Numerical procedure
The EGG capsule will be released from the ISS in the year 2016, when the solar activity will be at local minima. Taking this into account, the atmosphere model 5) employed in this simulation was as follows.
Since solar activity will be almost at local minima in 2016, the F10.7 index, an indicator of solar radio flux at 10.7cm, was set to 70 and the geomagnetic index A p was set to 20.3 in the following analysis.
The governing equations for the orbital analysis are as follows. The drag force is expressed as (5) where is the atmospheric density, v is the speed of EGG capsule, A is the projection area, and C d denotes the drag coefficient. The drag coefficient was set to 2.0 for simplicity. The projection area A before and after the aeroshell deployment was assumed to be 0.02 m 2 and 1.0 m 2 respectively. The analysis of the orbital decay was based on a simple model 6) . Assuming a circular orbit, the orbital decay is calculated by solving the following equations.
(6) (7) where P denotes orbital period, a the semi-major axis, the geocentric gravitational constant, and m = 4.0 kg is the mass of EGG satellite.
As an initial condition, altitude was set to 400 km where there is ISS orbit. The initial speed was set to orbital velocity at 400-km altitude. Aeroshell deployment timings were specified as deployment altitude of 400, 395, 390, 380, 350, 300 km, and "no deployment" to see their effects on orbit. Equation (7) was integrated with 4th order Runge-Kutta method from time t = 0 sec until the satellite reaches the altitude of 180 km where it is usually considered to be the start of atmospheric-entry.
Result of orbital decay
The result of the analysis is shown in Fig. 2 , where the x axis is time period after the release from ISS and y axis is altitude of the EGG satellite.
The time required to start atmospheric entry is shown in Fig.  3 . From Figs. 2 and 3 , it is understood that the atmospheric entry will start in 12 days if deployed at 400 km just after the release from ISS. Even in case there is no aeroshell deployment, the satellite reaches the altitude of 180 km in about 580 days at max, which means the satellite will not become space debris even if it fails expanding the aeroshell. Therefore, it is understood that atmospheric-entry timing can be selected by choosing appropriate aeroshell deployment timing. 
Faraday Cup as Attitude Sensor
Since the attitude of the EGG satellite at the moment of aeroshell deployment affects its initial directional stability, it is very important to identify the attitude of the satellite to ensure that satellite is pointed at forward direction so that the initial disturbance caused by the imbalance in the drag force on the aeroshell is minimum. To secure redundancy for attitude estimation, it is necessary to equip with additional attitude sensor other than motion sensors.
In this work, our main interest is to utilize an ion sensor called Faraday cup as an attitude sensor. Since the atmosphere at high altitude has ionic gas components, the Faraday cup will detect incoming ions from the direction of motion with their incoming velocity almost equal to the orbital speed. Therefore, the Faraday cup would be capable of identifying the direction of motion by detecting the incoming ions.
A Faraday cup used in this work is composed of outer metal shell and several internal electrodes as shown in Fig. 4 . The ions going into the cup cavity will pass through the first front grid. If the speed of the ions is small, ions cannot reach the modulator electrode and only incoming ions with large speed will reach the collector electrode, generating electric current. Incoming electrons will be pushed back by suppressor electrode and goes back to the shield electrode. Incoming light that hits the collector electrode will generate electrons but these electrons are pushed back to the collector. Therefore, only the incoming ions will generate electric current, which will be measured at current meter. Since the magnitude of detected current is proportional to the number of ions that hit the collector, we can state that if the current is detected, the cup is facing the right direction of motion. Since it is necessary to attach a Faraday cup onto a small satellite, miniature-sized faraday cup was manufactured as shown in Fig. 5 . The cup is made of brass metal with 30 mm diameter, 7-mm diameter front grid and 10 mm height. Shield electrode and the outer shell are connected to the ground voltage level. Modulator electrode is at +5 V and the suppressor grid is kept at -5 V. In order to test whether this small Faraday cup works as an ion detector, experiment was conducted using an inductively coupled plasma (ICP) wind tunnel.
Ion Detection Experiment with Faraday Cup
In this section, the applicability of a Faraday cup as an attitude sensor is investigated with ICP wind tunnel experiment. Although neon and oxygen ions are the dominant ions at the EGG satellite's orbit, the ionized argon gas was selected as a test gas for simplicity and rarefied flow was maintained at the test section. A Faraday cup installed at the test section will give output current due to the incoming ions, and the dependency of output current on the attack angle of cup was measured to see the directional characteristics.
Experimental setup
In order to confirm the functionality of a miniature-sized Faraday cup as an ion detector, a wind tunnel experiment was conducted at ICP wind tunnel. The pictorial view of the wind tunnel is shown in Fig. 6 . A conical nozzle, made of glass, was attached to the exit of ICP, which can accelerate the ionized Ar gas up to Mach 1.2 supersonic flow with about 1 km flow speed using the present setups. Since the orbital speed at 400 km altitude is a bit less than 8 km/s, the ion speed attained in our ICP wind tunnel is of the same order as that in the actual test conditions at low earth orbit. The Faraday cup was fixed 30 mm away from the exit of the nozzle as shown in Fig. 7 . The cup was attached to a connecting rod and it can be rotated around the rod to change the attach angle.
Test gas, selected to be argon for simplicity, was supplied to the ICP wind tunnel. In this experiment, the mass flow rate of the test gas was fixed to 2.88 SLM, which can realize argon gas flow with almost 1 km/s speed without installing any measurement facility inside at our present setup. The power input to the test gas was set and kept to 0.24 kW during the experiment. Figure 8 shows the test section with high-speed plasma flow. It is seen that bright argon plasma is ejected through the nozzle and ionized flow is hitting the Faraday cup.
Measurement
During the experiment, electric current from the collector electrode was measured with a current meter and averaged over several measurements with 0.1 A accuracy. The attack angle was changed from 0 to 90 degrees every 15 degrees. 
Experimental results
The result of electric current measurement against the angle of attack is shown in Fig. 9 . In this figure, the x axis is the attack angle and the y axis is output current. The attack angle zero denotes that Faraday cup is pointed right at the upstream direction.
It is easily seen that there is a correlation between measured electric current and angle of attack. Therefore, it is concluded that miniature-sized Faraday cup used in this work can serve as an ion detector. When the direction of the detecting hole at the center of the Faraday cup was changed inside the ICP wind tunnel, it showed that the current gradually decreases and becomes almost zero when angle was more than 75 degrees, suggesting that the Faraday cup facing the direction of motion will output ion current and the one at the other end of the satellite will show no electric current. At attack angle of 0 degree, the output current was almost 0.6 A. If we assume that single argon ion hitting the collector electrode will produce one electron in the Faraday cup, the number of ions hitting the collector electrode can be estimated by dividing the current value with the elementary charge as 0.6x10 -6 / (1.602 x 10 -19 ) = 3.75 x 10 12 /s. On the other hand, the dominant ion at an altitude of 200 to 400 km, such as O + , has its ion density 7) of around 2-5 x 10 11 /m 3 . Since the satellite is moving at around 7.7 km/s and the detection hole area of the Faraday cup was 3.85 x 10 -5 m 2 , the number of O + ions coming into the cup in a unit time is estimated as 0.59-1.5 x 10 11 . Therefore, the number of ions hitting the cup in our present study was 10 times more than that in the actual flight condition but still the present result suggests that the sensor can serve as an ion detector in actual flight test. Although output current in the flight test is expected to be 1 order smaller than that in the experiment, it is possible to improve the measurement accuracy when measuring such a small current value, by using a log amplifier that applies logarithmic transformation to the output current from the Faraday cup. The primary purpose of using this Faraday cup, as an attitude sensor, is to confirm that the forward face of our satellite is pointed to its direction of motion when a flexible aeroshell structure is deployed. This is because the aeroshell deployment phase is one of the critical operational phases that affect the stability with respect to its attitude. In order to secure the directional stability and to minimize any disturbance generated at the starting of the atmospheric entry, it is desirable to maintain that the angle between the normal vector of the forward surface and the direction of motion is as small as possible. The aerodynamic characteristics of EGG satellite is analyzed in our group 8) and as a result, it is desirable to ensure the direction of forward surface kept within +/-60 degrees from its direction of motion. In this sense, it is sufficient to achieve the stable flight attitude because the present Faraday cup facility has such a characteristic that the output current exhibits monotonous variation when the attack angle changes from 30 deg. to 75 deg. Therefore, it is expected that, by comparing the output current from a pair of Faraday cups settled at both ends of the satellite, the direction of motion can be roughly estimated.
Conclusion
In order to estimate the effect of aeroshell deployment timing on the orbital decay process of the EGG satellite, a simple analysis was conducted. It was revealed that if the aeroshell is deployed just after the release from ISS, satellite starts atmospheric entry within 12 days, whereas it stays at low earth orbit for about 580 days if the aeroshell is not deployed at all. To develop additional attitude estimation method for small satellites to secure redundancy for attitude estimation at the moment of aeroshell deployment, a miniature-sized Faraday cup was manufactured and its ion detection characteristics were measured using an ICP wind tunnel. It was demonstrated that there is a strong correlation between the angle of attack and the output current. It was suggested that by comparing the output current from two Faraday cups settled at both ends of the satellite, the direction of motion could be roughly estimated. 
